1. Background {#s0005}
=============

Pulmonary hypertension (PH) is a clinical disorder characterized by an increased pulmonary arterial pressure due to several clinical conditions, including cardiovascular and respiratory disorders. Mean pulmonary arterial pressure (PAP) measured at right heart catheterization (RHC) ≥ 25 mmHg is required for a definitive diagnosis of PH [@b0005]. According to international guidelines, patients who have symptoms, signs and history suggestive for PH should undergo a multi-step work-up, which includes non-invasive tests such as electrocardiogram, echocardiography, pulmonary function test, high resolution computed tomography, and ventilation/perfusion lung scan before RHC, as invasive test. Although the most widely used exercise test in PH specialized centers is the 6-minute walking test (6MWT), this test provides only limited clinical information. Cardio-pulmonary exercise test (CPET), instead, may provide both further prognostic information in PH patients and a comprehensive pathophysiological evaluation of exercise limitation and dyspnea [@b0010].

Recently, ventilatory power (VP), a new CPET index defined as the peak systolic blood pressure divided by VE/VCO2 slope, combining physiology inherent in the VE/VCO2 slope to peripheral pressure, was used to evaluate the response of sequential combination therapy in patients with PAH [@b0015]. Used for the first time by Forman et al. [@b0020] in patients with heart failure, VP was in this study one of the strongest indicator of prognosis. VP was also used as screening tool in assessing the functional significance of coronary disease and exercise tolerance [@b0025].

Aim of this study was therefore to ascertain possible correlations between VP derived by CPET and hemodynamic parameters at RHC indicative of PH.

2. Methods {#s0010}
==========

Between 1st March 2010 and 1st March 2018, a total of 47 consecutive outpatients with suspected of PAH based on non-invasive findings of increased PAsP or additional echocardiographic features at echo-color-Doppler assessment (increased dimensions of RH chambers, abnormal shape and function of the interventricular septum, increased right ventricular (RV) wall thickness, and dilated main pulmonary artery) and able to perform an CPET were enrolled in the study.

Patients underwent pulmonary and cardiology assessment by clinical exam, and assessed by CPET and RHC as reported elsewhere [@b0020], [@b0030], [@b0035]. Medical history, heart rate, systolic blood pressure, Body Mass Index, NYHA class, and medications were recorded.

All patients gave an informed consent. The study was approved by local ethical committee and was held according the ethical standards for experiments in human subjects established by the Declaration of Helsinki.

2.1. Cardiopulmonary exercise testing (CPET) {#s0015}
--------------------------------------------

Incremental CPET was performed on a *cyclo*-ergometer (Ergometrics Lode Medical Tecnology-Corival, Groningen, The Netherlands) using a ramp protocol that was personalized with the objective of each patient reaching a maximum exercise within 8 to 10 min. After 60 s of unloaded pedaling at 60 revolutions per minute, work was continuously increased at a rate of 4--10 W/min starting at 0 W. In all cases, breath-by-breath expiratory gases and ventilation analysis were performed (Vmax Spectra 29S, Sensor Medics, Yorba Linda, CA). AT was measured with the V-slope analysis from the plot of VCO~2~ vs. VO~2~ on equal scales. The AT value was confirmed by ventilatory equivalents and end-tidal pressures of CO~2~ and O~2~. If no agreement was obtained, the AT was considered not identified. The VO~2~/work rate relationship was evaluated throughout the entire exercise. The VE/VCO~2~ slope was calculated as the slope of the linear relationship between VE and VCO~2~ from 1 min after the beginning of loaded exercise to the end of the isocapnic buffering period. Peak exercise ventilation as % of a predicted value (VE%) was also reported. VP was defined as peak systolic blood pressure divided by the minute ventilation-CO2 production. ECG, blood pressure and heart rate were assessed continuously.

2.2. Right heart catheterization (RHC) {#s0020}
--------------------------------------

Hemodynamic assessment was performed by RHC (using a Swan-Ganz pulmonary artery catheter, CCOmbo V, Edwards Lifesciences, Irvine, CA, USA). Pulmonary arterial (systolic, diastolic and mean), right atrial, and pulmonary capillary wedge pressures (PWP) were recorded at the end of a quiet respiratory cycle. Oxygen saturations in the superior vena cava, inferior vena cava, pulmonary artery, and femoral artery were obtained. Pulmonary vein saturation was assumed at 98%. Pulmonary and systemic flows were obtained by the Fick principle using table-derived oxygen consumption values and calculated oxygen content at the correspondent different sites. The *trans*-pulmonary pressure gradient was defined as the difference between the mean pulmonary arterial pressure and the mean pulmonary capillary wedge. Therefore the DPG (defined as diastolic PAP - mean PAWP) has been reported. Pulmonary and systemic vascular resistance indices were calculated using the standard formula. A PAWP \> 15 mmHg excluded the diagnosis of pre-capillary PAH.

2.3. Statistical analysis {#s0025}
-------------------------

Continuous variables were expressed as mean ± standard deviation and compared with Student's *t*-test or Mann-Whitney *U* test as required, categorical variables as percentages and compared with χ2 or Fisher test as required. Normal distribution was analyzed with Kolmogorov-Smirnov & Lilliefors test for normality.

Linear correlations were determined by measuring the Pearson's correlation coefficient: univariate results were corrected in a multivariate analysis for age and gender.

Logistic regression was used to calculate odd ratio (OR) with 95% confidence interval. Receiver operating characteristics curve analysis was used to assess the area under the curve. A p \< 0.05 was considered as statistically significant.

3. Results {#s0030}
==========

Forty-seven consecutive outpatients (61 ± 11 years, 53% male) matching the inclusion criteria were enrolled in the study. Their clinical characteristics are given in [Table 1](#t0005){ref-type="table"}. Hemodynamic parameters at RHC and CPET are given in [Table 2](#t0010){ref-type="table"}.Table 1Population's characteristics.Clinical parametersMean ± SDPercentageAge (years)61 ± 11Male %53%III-IV WHO FC class62.5%PAsP (mmHg)63.4 ± 21.8PH (all groups) %65.9%PH group I or PAH,%51.6%PAH due to congenital heart disease, %12.5%PAH due to connective tissue disease, %50%PAH due to HIV, %6.2%PAH due to drugs and toxins, %6.2%PAH due to portal hypertension, %6.2%PAH idiopatic, %18.7%PH group II, %9.7%PH group III, %19.3%PH group IV (Chronic thromboembolic PH), %9.7%PH group V, %9.7%Arterial Hypertension, %51%Anemia, %22%COPD, %24%CKD, %11%ACE-inhibitors o ARBs, %47%B-blockers, %41%Digoxin, %35%Table 2Differences between population's subgroups (diagnosis of pulmonary hypertension not confirmed at right heart catheterization vs confirmed, pre-capillary vs post capillary pulmonary hypertension).Mean PH-16Std.Dev.Mean PH + 31Std.Dev.PMean post-PH 8Std.Dev.Mean pre-PH 23Std.Dev.PAge (years)60.19.561.812.3n.s.58,916.762.610.5n.s.Male (%)44%59%n.s.67%55%n.s.BMI (kg/m2)27.25.525.84.5n.s.26.24.825.64.5n.s.systolic pressure (mmHg)121.317.9117.719.5n.s.118.927.2117.516.5n.s.heart rate (bpm)77.413.179.811.7n.s.83.012.279.011.6n.s.Hypertension (%)56%44%n.s.56%36%n.s.COPD (%)19%31%n.s.33%27%n.s.Diabetes (%)19%22%n.s.22%23%n.s.Chronic kidney disease (%)6%13%n.s.22%9%n.s.NYHA class2.30.52.80.5\<0.012.80.42.90.6n.s.n.s.VO2 AT (mL/min)7.927.13.918.0n.s.11.833.40.70.2n.s.VO2 AT (mL/min/kg)15.624.913.216.6n.s.19.930.510.43.1n.s.VO2 AT (%)64.514.865.211.3n.s.68.614.562.37.2n.s.HR AT (bpm)101.621.4102.216.7n.s.111.018.798.615.2n.s.Watt AT (W)33.914.924.511.5\<0.0528.213.723.210.5n.s.Pulse AT (mL)13.826.69.917.0n.s.16.631.67.11.6n.s.petCO2 AT (mmHg)36.13.136015.3n.s.33.26.733.37.8n.s.VO2 peak (ml/min)0.90.34.118.0n.s.12.033.40.90.2n.s.VO2 peak (ml/min/Kg)12.94.313.02.7n.s.12.72.813.22.8n.s.VO2 peak (%)49.816.157.718.3n.s.50.717.760.718.6n.s.Watt peak (W)62.626.940.918.0\<0.0146.921.038.616.8n.s.Pulse peak (mL)14.525.312.118.3n.s.17.731.39.89.5n.s.VO2 work slope (mL/min/W)18.027.710.53.1n.s.8.02.111.52.9\<0.01VT peak (L)1.30.51.20.4n.s.1.20.41.20.5n.s.RR peak (1/min)32.89.030.83.9n.s.32.55.230.02.9n.s.VE peak (L/min)44.421.142.916.3n.s.47.317.741.615.9n.s.RQ peak7.926.37.625.1n.s.12.433.65.821.8n.s.petCO2 peak (mmHg)35.05.333.315.5n.s.31.68.230.79.4n.s.VE/VCO2 slope31.35.241.517.1\<0.0544.620.741.015.9n.s.Ventilatory power (mmHg)3.90.73.21.2n.s.3.11.43.21.2n.s.EchocardiographyLVEF (%)55.07.151.69.2n.s.45.014.954.53.1\<0.01PAsP (mmHg)50.517.868.821.3\<0.0168.928.568.218.8n.s.Right heart catheterizationmPAP (mmHg)17.34.739.110.8\<0.00141.411.838.310.7n.s.PAPd (mmHg)12.94.432.910.8\<0.00133.013.032.910.3n.s.PCWP (mmHg)8.54.412.66.8\<0.0520.85.89.33.5\<0.001Right atrial pressure (mmHg)6.23.99.14.7\<0.0512.83.17.84.5\<0.01DPG (mmHg)4.55.220.413.2\<0.00111.616.423.610.5\<0.05TPG (mmHg)8.54.526.612.7\<0.00120.714.529.011.4n.s.Cardiac output (L/min)5.31.95.12.5n.s.5.44.35.01.4n.s.Cardiac index (L/min/m2)3.30.93.11.7n.s.3.12.43.11.4n.s.RVP (WU)1.70.96.14.1\<0.015.96.16.13.0n.s.

After RHC, the patients were divided in two groups, 31 patients with PH (mPAP \> 25 mmHg at RHC, PH + ) and 16 without PH (PH-). Between 31 patients with PH, 23 patients (74.2%) showed precapillary PH (PAWP ≤ 15 mmHg) and 8 patients (25.8%) postcapillary PH. According to last guidelines on hemodynamic classification of PH [@b0005], 5 patients with combined post-capillary and pre-capillary PH (62.5%) and 3 patients with isolated postcapillary PH (37.5%) were identified.

Among PH + patients, 16 belonged to ESC guidelines group I (51.61%) and 6 to group III (19.35%), while the remaining were distributed into the others groups ([Table 1](#t0005){ref-type="table"}).

VP values assessed at CPET were inversely correlated with the following hemodynamic parameters at RHC: mPAP (r −0.427, p 0.003), diastolic pressure gradient (DPG, r −0.36, p 0.019), trans-pulmonary pressure gradient (TPG, r −0.43, p 0.004), pulmonary vascular resistance (PVR, r −0.52, p 0.001) ([Fig. 1](#f0005){ref-type="fig"}). Correlations remained significant even after correction at multivariate analysis including age and gender (p \< 0.01 for mPAP, DPG, and TPG,\<0.001 for PVR).Fig. 1Correlations between Ventilatory Power at cardiopulmonary exercise test and hemodynamic parameters assessed at right heart catheterization.

VP values below median (3.4 mmHg) identified subjects with mPAP ≥ 25 mmHg with an OR of 4.5 (95% confidence interval 1.05--19.36, p \< 0.05), an accuracy of 0.712 at ROC curve analysis (95% confidence interval 0.534--0.852, p \< 0.05) and a positive predictive power of 82%.

Confirmed diagnosis of pH at RHC rates were progressively high in case of PAsP values \> 45 mmHg at Doppler echocardiography and both both PAsP values \> 45 mmHg and VP values \< median (38%, 65%, and 78% respectively, p for trend 0.001, OR 30 vs controls with PAsP \< 45 mmHg, p \< 0.01, [Fig. 2](#f0010){ref-type="fig"}).Fig. 2Confirmed diagnosis of pulmonary hypertension rates at right heart catheterization with systolic PAP \< 45 mmHg at echocardiography Doppler examination, systolic PAP \> 45 mmHg and ventilatory power values above median and below median (p for trend \< 0.001).

4. Discussion {#s0035}
=============

In this paper we show for the first time significant correlations between VP and PAH parameters at RHC. In patients with suspect of PAH, VP might provide useful information to predict results at RHC.

Currently, the suspect of pH is based on a limited number of echocardiographic parameters such as PAsP, poorly able, however, to discriminate pre-capillary from post-capillary PH. RHC is therefore usually required to confirm the diagnosis of pre-capillary PH.

In this study, VP values assessed at CPET were inversely correlated with several hemodynamic parameters at RHC: mPAP, DPG, TPG, PVR.VP values below median identified subjects with PH with acceptable levels of accuracy and positive predictive power.

These results appear particularly interesting for a possible selection of patients who should be assessed at RHC to confirm the suspected diagnosis of PH.

Some CPET parameters have been correlated with hemodynamic findings: peak VO~2~ may be inversely correlated with mPAP [@b0040]. Nishio et al. demonstrated that peak VO~2~ correlates with PVR in PAH patients but not in chronic HF patients [@b0045]. Furthermore, peak VO~2~ correlates with PAWP for chronic heart failure patients but not for PAH patients, while the VE/VCO~2~ slope correlates with PAWP but not with PVR for chronic heart failure patients. Very recently Dumitrescu et al. demonstrated in patients with systemic sclerosis that PeakVO~2~ and VE/VCO~2~ had a high correlation with PAP, TPG and PVR [@b0050].

Less, however, is known about the correlations between CPET and hemodynamic parameters at RHC indicative of PH. Recently we demonstrated significant correlations between novel CPET parameters, the intercept of ventilation (VEint) on the VE vs. carbon dioxide production (VCO2) and PH at RHC. Correlations between VE/VCO2, mPAP and DPG may be helpful in discriminating patients with isolated post-capillary PH from others with combined post-capillary and pre-capillary PH [@b0055].

Hirashiki et al. [@b0035] used VP to evaluate modifications in exercise capacity over time under ''goal-oriented'' sequential combination therapy in patients newly diagnosed with PAH. VP increased after three months of treatment and still at six months. At the same time, the PAH patients showed higher peak VO2 and peak SBP values, lower VE/VCO2 slope after six months; both mPAP and PVR were decreased after 12 months. Such results are in line with our data, showing that VP increases inversely than mPAP and PVR.

Furthermore, in this study we also demonstrated inverse correlations between VP and other hemodynamic parameters, such as DPG and PVR. Such correlations may be helpful in discriminating patients with isolated post-capillary PH from others with combined post-capillary and pre-capillary PH.

In previous ESC guidelines (2009) [@b0060], TPG values were discriminant for "passive" post-capillary PH (mPAP ≥ 25 mmHg, PAWP \> 15 mmHg and TPG \< 12 mmHg) from "reactive" post-capillary PH (mPAP ≥ 25 mmHg, PAWP \> 15 mmHg and TPG ≥ 12 mmHg); TPG is influenced by all the determinants of mPAP, including flow, resistance and left heart filling pressure. Naeije et al. [@b0065] demonstrated that DPG is superior to TPG for the diagnosis of "out of proportion" PH. Compared to TPG, DPG may be a more sensitive and specific indicator for PH due to left heart disease with significant pulmonary vascular disease [@b0070].

In latest ESC guidelines [@b0005] the combined use of DPG and PVR is recommended to define different types of PH-left heart disease (Ipc-PH and Cpc-PH). From a clinical perspective, that is extremely relevant since the vasodilatation of pH specific drugs may be useful in case of vasoreactivity, or, furthermore, of precapillary problems as in the Cpc-PH.

Non invasive methods could be therefore useful in order to distinguish precapillary PH from postcapillary PH, and mainly, Cpc-PH from Ipc-PH.

In our study increasing rates of subjects with mPAP values \> 25 mmHg at RHC were found in subjects with PAsP values \> 45 mmHg at Doppler echocardiography and VP values below median. The capacity of non invasive methods to predict invasive confirmation of pH is still matter of debate [@b0075]. Echocardiography and CPET were used in association by Guazzi et al. to predict the outcome of heart failure patients [@b0080]; Badagliacca et al., instead, used this non-invasive methods to predict the outcome in idiopathic PAH [@b0085]. Zhao et al. applied CPET to improve the specificity of echocardiography in patients with suspected PH [@b0090], while Held et al. used CPET to detect chronic thromboembolic PH in patients with normal echocardiography [@b0095]. According to our findings, a careful assessment of non invasive testing may be extremely useful in identifying those subjects with an increased probability of higher DPG levels at RHC. Such preliminary data, however, deserve further confirmation in larger populations.

5. Conclusions {#s0040}
==============

In patients with suspected PAH, VP assessed at CPET might provide further information in predicting PAH at RHC. Correlations with PVR and DPG may be helpful in differentiating patients with isolated post-capillary PH from those with combined post-capillary and pre-capillary.

6. Limitations {#s0045}
==============

Main limitation of the study is the relatively small number of patients enrolled; these preliminary results need to be confirmed as "proof of concept" in larger cohorts of patients and in a properly powered multicentric study.
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